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ABSTRACT 

From  the  records  obtained  during  the  Weather  Bureau Artificial Cloud  Nucleation  Project  carried  out  in  western 
Washington  State  during  the  winters of 1952-53 and 1953-54, i t  is  possible to  study  the  nature of some of the  pre- 
cipitation processes evident  in  that  locality,  and to form a preliminary  generalized  picture of certain  types of cloud 
systems  involved.  Evidence is presented of natural  seeding  mechanisms  and of the  growth of hydrometeors by 
diffusion,  coalescence, aggregation,  and  accretion.  Typical  wintertime  cloud  systems,  and  the  attendant  precipitation 
processes are  illustrated. 

1. INTRODUCTION clouds which result  in  precipitation at  the  ground;  thus, 

The  systematic  investigation from aircraft of the physi- 
cal processes involved  in  the  production of precipitation 
is  relatively  rare.  The  many  flights  into  winter  storms 
in western  Washington State  by  the cloud seeding aircraft 
of the  Weather  Bureau Artificial Cloud  Nucleation (ACN) 
Project  during  the  winters of 1952-53 and 1953-54 pro- 
vided an excellent opportunity  for  the  observation  and 
study of precipitation processes and  the cloud systems  re- 
lated  to  them.  During a typical  operation,  one of the 
airplanes  would  orbit over a relatively  small geographical 
area for several  hours while the  storm  elements moved 
past  it.  During  such periods, the flight meteorologist on 
board  kept a detailed log of the cloud  conditions  and,  when 
feasible, took  photographs of the  changing meteorological 
situation. In  addition, cloud  particle  samples  were  taken, 
and  air  temperature,  air  speed,  pressure  altitude,  and icing 

- 
formatlion of the clouds necessary  for  precipitation is not 
considered. Rather,  this discussion concerns the  fairly 
well known basic precipit,ation processes, such as natural 
seeding, diffusion, coalescence, aggregation,  and  accretion, 
as they  apply  to  the inflight observations,  and  emphasizes 
some of the  precipitation complexes that seemed to  be 
typical of the  temperate  latitude  storm  systems  that oc- 
curred  in  western  Washington  during  the course of the 
test  program. 

Due  to  the  great  amount of time necessary for assem- 
bling and  evaluating  the  many  flight  records  and cloud 
sampling slides accumulated  during  the  project  operations, 
the inclusion of more  than a sampling of the available 
quantitative  data  has  not been possible. Hence  this  paper 
is necessarily of a preliminary  nature  and  the conclusions 
are  to a degree  inferential. 

rate were automatically recorded. 

dence, either by  direct  observation or by  inference, con- One of the  more common precipitation complexes, ob- 
cerning  the  nature of some of the  precipitation processes served  to  occur  in  the  eastern  portion of storms, involved 
encountered,  and  to  form a generalized picture of certain a situation of multi-layered clouds, where ice crystals 
types of cloud systems  involved.  The  emphasis  here is were generated  in  an  upper  layer  consisting  primarily of 
on the  interaction between liquid and solid particles in the liquid  cloud,  and were falling through  one  or more lower- 

2. PRECIPITATING  CLOUD  SYSTEMS 
From  these records, it has been possible to  derive evi- 

416424-57-1 421 



422 MONTHLY WEATHER REVIEW DECEMBER 1956 

2or 
0 15 pfq2>..22:;::\:- ....,. :- ...,... .x43 ......... .. 

LIQUID  CLOUD  ICE  CRYSTALS . . . I  

I HAZE LIQUID  PRECIPITATION 

FIGURE 1.-Idealized cloud,  frontal,  and  precipitation systerrl found 
on  the  eastern  side of winter  storms  in  western  Washington  State. 
The  types of cloud  and  precipitation  elements  involved  are  shown 
in the  legend  and  apply  also to figures 3 and 12. 

FIGURE 2.-Top of a crystal-generating  cloud  such  as was ofwn 
observed  during ACN Project  flights.  Altitude  12,000  feet; 
temperature - 12" C. Some of the  cumuliform  domes  are  higher 
than  the  airplane. 

level liquid  cloud  layers  and  air of high  relative 11umidit)y. 
The top of the  upper  layer was  usually a t  12,000 feet  or 
higher and  the  temperature  ranged  from -12' C. down- 
ward. The  appearance of t,he top varied  from  t8ha.t, of 
stratocumulus  to  cumulus,  but  the cloud  was  continuous 
horizontally and  contained  indentmations in the  top some- 
times as deep as 2,000 feet.  Often  there were no  clouds 
above  this  layer.  This sub-cooled  liquid cloud provided 
a generatling  source of ice crystals  with t,he  result  that' 
descent beneath  it  often  brought  the  airplane int.0 an ice 
crystal  environment,. Just below this cloud deck,  and in 

the  upper  portion of the  precipit'ating ice crystal field, the 
crystals  had  the  appearance of a haze,  and were obviously 
small. At slightly lower elevations  however,  the  crystals 
became  visible as light colored st,reaks  against  the  dark 
backgxour~d of the wings and  tail of the plane. At yet 
lower  elevations,  there were found  one  or  more  layers of 
low-density  liquid  cloud, into which the  crystals fell  and 
in  which they  appeared  to  grow  rapidly. In t,he more 
intense  storms,  the  water cloud  could be  found extending 
several  thousand  feet  above,  as well as some distance 
below, the  melting level. It oftmen appeared  to develop 
upward,  int,o  the ice cryst,al field, until  depletion-by the 
falling crystals  equaled  the  liquid being condensed. In 
and below the  melting  level, some of the precipitation 
element's grew int)o rain-sized drops [l], which further 
increased  in size during passage through  other liquid 
layers  nearer  the  surface. 

Figure 1 illustrates, in an idealized manner,  the cloud 
and  precipitation  system in  a rather  stable configuration. 
Meteorological activity increases  from right  to left and 
the  arrangement a t  t8he  left is characteristic of the region 
just  to  the east, of the cold front or occlusion. Figure 2 
is a  photograph of the top of a  crystal-generating cloud 
such as would  be found  in t,he situation of figure 1. The 
alt,itude of the  aircraft was 12,000 feet, and  the tempera- 
ture was about -12' C.; surfwe  precipitation downwind 
from the  aircraft  location was 0.01 t,o 0.02 inch  per hour 
in the second hour following the  observation. Presumably 
t,llis mas about  the t,ime when the observed cloud particles 
might  have been contributing t80 surface  precipitation. 

Instability  within  certain  layers caused  a  more unstable 
cloud and  precipitating  system  as is shown  in figure 3. 
In  this  instance  the  generating clouds are discrete elements 
but  due  to wind shear  and  particle size range, effective 
blanketing of t,he lower liquid  clouds  wit,h ice cryst,als is 
accomplished.  Figure 4 is a  photograph of a  smaller type 
of generating cloud sometimes  found on the ACN flights. 
The  tops in t,tlis case are  estimated  to  be a t  13,000 feet and 
at, a  temperature of "15' C.; precipitation a t  t'he surface 
downwind  from the  location of the  observation  and in  the 
second hour following amounted  to 0.01 to 0.02 inch per 
hour.  Much  larger  generating clouds were  encountered 
but were difficult to  detect  and phot'ograph  from t'he air- 
craft  because of their size. They were detected, however, 
by  the  vertically-pointing TPQ-6 cloud-detector  radai 
which was  sit,uated  near  the  flight  area  at, Hoquiam, 
Wash.  The  radar recorded  a  time  section of these gen- 
erating clouds and  their resultling precipitation;  a one- 
hour  portion of an  operational record is reproduced in 
figure 5 showing  some high-level generating cloud  areas 
wit,h  precipitation  falling  from  them. In  the illustration 
each horizont,al  line  represents 5,000 feet  in elevation, 
and  the  top of the highest  echo is near 22,000 feet a t  an 
estimated  temperature of -35' C. 

Of the com.plex precipitation processes in these cloud 
syst,ems,  cryst,al  generation  (nucleation)  and natural 
seeding are  the  most easily  det'ected.  Growth of the 
falling ice crystals, pre~uma~bly  by  the diffusion process, 
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FIGVRE 4.-Small generating  clouds  sometimes  found  above  the 
general  cloud  deck.  Altitude  13,000  feet;  temperature - 15' C. 
Streamers of ice  crystals  can  be  seen  falling  from  them. 

both  above  the  liquid lower  deck and  within  it  was  ob- 
served,  and evidence of both coalescence of cloud  droplet's 
and  aggregation of separate ice cryst,als  was  obtained. 

3. DIFFUSION 

The growth of ice crystals  by diffusion is, of course, 
the process whereby  the  embryo ice crystal  gains  mass 
by  incorporating  water-vapor molecules into  its  crystalline 
structure.  For  this process to proceed it is  generally 
assumed that  water  vapor  supersaturation  with  respect  to 
ice must exist in  the  growth  environment.  The  growth of 
ice crystals  by diffusion was  observed beneath  the  cold, 
generating clouds during  many of the  ACN  flights,  the 
initial  haze  just below the cloud base  developing into 
easily visible particles,  as  mentioned  above.  Growth 
within  a  layer composed of crystals  and  liquid  particles 
was rapid,  and  beneath  such  a  layer  crystds were  large 
and  the  crystal field was quite dense. 
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FIGITRE 5.--One-hour sample  record of vertically-pointing  cloud- 
detector  radar.  Each  horizontal  line  represents  5,000  feet  eleva- 
tion. Top of the  highest  echo is about 22,000 feet;  temperature 
there  about -35' C. 

It is not, of course, to be  assumed that diffusion alone 
caused  growth of the ice crystals  within  the liquid-par- 
ticle cloud;  undoubtedly  accretion  took place but certainly 
the  higher  supersaturation  over ice prevailing  within  the 
sub-cooled cloud  would allow the component of growth 
by diffusion to  proceed a t  a  high  rate. 

4. COALESCENCE 

Coalescence, the process by which  one  liquid  droplet 
captures  another,  undoubtedly  occurs  in  the cloud 
systems of western  Washington  and  accounts for some of 
the  precipitation falling there. Although coalescence 
cannot be  observed from an aircraft  flying  through  a 
cloud,  cloud  conditions  favorable  for its occurrence were 
often  found.  Figure 6, for  example,  shows  a  photomi- 
crograph of impressions caused  by  the  impact of cloud 
droplets on the magnesium-oxide  coating of a  sampling 
slide [a ] .  With  the  large  droplets  ranging from 100 to 
200 microns  in diam.eter and  the  smaller ones  from 20 
to 40 microns,  terminal  velocity  ratios  as  high  as 75 to 
1 provided excellent coalescence conditions [3]. The 
sample was t'aken at  10,000 feet, "4' C., and in light 
icing conditions.  Rainfall  rates of 0.10 to 0.20 inch per 
hour were  recorded  downwind  from  the  sample location 
in  the second hour following its  capture.  Twenty 
minutes  earlier t,he aircraft  had descended  from 13,000 
feet to  avoid  icing, so it is probable  that  at  the  time  the 
sample  was collected, coalescence was  taking place in 
more than 3,000 feet of liquid  cloud.,  Conditions  favoring 
coalescence, such as these,  were  encountered  frequently 
during  the flight operations. 

On  several  flights drizzle-size,d sub-cooled droplets 
were  encountered  by t,he airplane. a t  relatively cold 
temperatures. One particularly  interesting flight in- 
volved the  attempt of the  plane  to  top  a  very severe 
icing field. At  the  peak of the  climb, a t  an elevation of 
13,500 feet  and  a  temperature of - 10' C., a cloud sample 
was taken.  Droplets  captured  ranged from 300 microns 
in diameter  to  about 10 microns, allowing fall velocity 
ratios of over 100 to 1. The  droplet size distribution of 
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FIGURE 6.-Photomicrograph of impressions  caused  by  impinge- 
ment of cloud  droplets  on  the  magnesium-oxide  coating of a 
cloud-sampling  slide. The  sample  was  taken  at 10,000 feet  and 
-4' C. in  light  icing  conditions. 

FIGURE 7.-Photomicrograph of formvar  replica of aggregate of ice 
crystals.  This  sample  was  captured a t  10,000 feet  and "8' C., 
in a homogeneous-appearing  and  extensive  ice  crystal field. 

the  sample  was  bimodal  having  peaks a t  around 200 and 
15 microns diameter. At  the  peak  altitude  the  meteor- 
ologist reported  that  although  the  light  intensity was 
high, he  could not see through  the cloud layer  to blue 
sky  and  the  sun  was  not  visible;  thus  a considerable depth 
of cloud existed above  the  observation  point. No ice 
crystals  were  seen  in  the  vicinity of the  airplane  for some 
minutes before and  after  the  time of this  observation. 
I t  seems highly probable  that coalescence was  a  contrib- 
uting mechanism for  the  production of such  large  drop- 
lets.  Such  observations of large sub-cooled droplets  are 
not too rare.  Perkins  and  Kline [4] in 1951 submitted 
evidence of coalescence of liquid  droplet's  in sub-cooled 
stratus clouds in  the  Great  Lakes  area.  Under  proper 
conditions sub-cooled liquid drizzle can  even  reach the 
ground  as is shown by  Kaplan's [5]  report, of freezing 

FIGURE 8.-Photomicrograph of imprint of 2000 p diameter  stellar 
crystal  and  numerous  cloud  droplets  captured  simultaneously on 
magnesium-oxide  coated slide. Sampling  conditions:  altitude 
10,000 feet  and  temperature - 11' C. 

FIGuRE;g.-Photomicrograph of formvar  replica of atmospheric 
ice  crystals  and  cloud  droplets  captured  simultaneously.  Note 
two  droplets  attached to  a crystal.  These  were  taken a t  10,000 
feet at -So C. in a low-density  ice  crystal field in  which liquid- 
cloud cells were  imbedded. 

drizzle and  rain over  a  wide area  south of the  Great 
Lakes  from clouds whose temperatures were below 
freezing throughout. Coalescence very likely was the 
mechanism  involved in the  production of this sub-cooled 
liquid  precipitation. 

5. CRYSTAL  AGGREGATION 

The collision and aggregat,ion of pre-existing ice crystals 
is also an  important  mechanism  in  these cloud  systems. 
During  the flight,s, many ice crjstal samples  were  taken 
and  very  often  aggregates of crystals were captured. One 
such  aggregate is shown in figure 7, a  phot>omicrograph of 
the  crystal replica. Capture was at  an  altitude of 10,000 
feet and a  temperature of "8' C. in  a homogeneous- 
appearing  and extensive ice cryst'al field. In an area 
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estimated  to ca.tch  precipitat,ion  elements  from  the 
vicinity of t,his sample,  t,hat is, downwind  from the  sample 
location  and  more  t8han  an  hour  later,  rainfall  amounts of 
0.07 to 0.12 inch  per  hour were  recorded.  Jensen [6] ha,s 
shown that  the force necessary- t'o cause cohesion between 
ice  particles  is  very  small, but once  adhered  several  times 
that force is necessary t,o separate  t'hem if the temperature 
is not colder than  about "12' C .  The  dense ice crystal 
field from  which the sample  was collected afforded excel- 
lent  opport,unity  for collisions and  the  temperat'ure, 
according  to  Jensen,  was  appropriate  for  a  high degree of 
cohesion. Sinc,e the cloud  conditions  on  this  flight  were 
typic,al of those  on  many flights,  it' seems logical t'o con- 
clude  that,  aggregation  was a factor in much of the precipi- 
ttat.ion in the  western  Washington  area. 

It is possible that,  the clust,er of cr-st,als  in  the replica of 
figure 7 was not  adhered before capture,  but  the condit'ions 
for  aggregation were quit'e  favorable (a rat'her dense 
cryst,al field and  great  interact,ion  depth), and the  cluster 
was in  an  area  on  the  sampling slide  cont'aining a rather 
sparse covering,  generally, of single crystals.  For  these 
reasons it is believed t'hat  the figure shows  a natural 
cluster of ice crystals. 

6. ACCRETION 

The opport,unitJ*  for  a,ccretion,  that'  is,  the  capture of 
liquid  droplets by falling ice cryst'als,  was  quit'e  fre- 
quent,l)- observed. The airplane  encount,ered  liquid parti- 
cles within ice c;ryshl fields, often where t8he crystal field 
was  most dense and  the  cryst,als  largest.  Two examples 
of conditions  favoring  accretion are shown in photo- 
micrographs of cloud sample slides in figures 8 and 9. 
Figure 8 shows the  imprint  made on a magnesium-oxide 
slide by a 2000-micron diameter  stellar  crystal  t'hat  was 
captured  in a field of liquid  droplets whose diameters 
ranged  from 20 to 60 microns. These sizes provided  fall 
velocity  ratios  bet,ween the crystals  and  droplet's of as high 
as 150 t o  1 [7, 81. Capt,ure was a t  an altitude of 10,000 
feet  and  at, a temperature of - 11 ' C. 'I'his appeared  to  be 
a  case of liquid  cloud  eit8her  forming at  the flight  level  or 
building  up  from below. h40ist8ure influx must'  have been 
at a high rat>e to allow condensa,t,ion in  the presence of a. 
crystal field near  the  temperatmure of the  maximum  vapor 
pressure  differential.  Figure 9 is a photomicrograph of 
ice crystals  and droplet's  capt,ured  t'ogether, and  on  one 
platelet  fragment  can  be seen  two  small  droplets. Cap- 
ture  was a t  10,000 feet  and "8' C.  In t'his case the  plane, 
while flying in a low-density ice crystal  field,  appeared  t'o 
be  encountering cells of liquid  cloud  some  distance below 
their  tops. At, times,  relat,ively  small  crystal-genera ting 
clouds  could  be  observed  several  thousand  feet' above the 
airplane. 

These  illustrations  do  not, of course,  provide  conclusive 
evidence that accret)ion  occurred in  these c,ases, but'  it 
seems  highly  probable  t'hat t'he, faster-falling stellar 
crystal  may  have  been  capt,uring  liquid  droplets  and  that 
the smaller  platelet  captured  t,he  two  smaller  droplet's 
before their  impact on the  formvar-coated  slide [9]. The 

F I G ~ R E  10.-1.iquid-cloud-deck top  being  seeded  naturally  by 
higher-level ice  crystal  cloud.  Aircraft  altitude 15,000 feet; 
temperature -18" C .  K o t c  the  soft, fuzzy  appearance of the 
seeded  cloud. 

FIGI-RE 11.-Same cloud  deck as in  figure 10 but  about 15 miles 
farther  west  beyond  the  influence of the  upper  seeding deck. 
-%ltitude  and  temperature were the  same.  Note  the  hard, bright 
cloud  outlines  and  increased  height of the  deck. 

fact  t'hat  crystals  and  dropleh, whose fall rates differed, 
were captured simultarleously  certainly  indicates that  the 
opport.unity  for  accretion was present. 

7. NATURAL SEEDING 

On one. occasion it. was possible to witne.ss the  direct 
effect of natural seeding  on  a  liquid  deck. The aircraft 
was cruising  between two  vaguely defined layers  taking 
occa,sional light  icing  from the  undulating top of the lower 
layer  and  encountering  very  small ice crystals falling from 
t8he  upper  deck.  Eventually  the  end of the  upper deck 
mas reached but  the lower deck  extended  on  outward, 
and consequentsly  one  could  observe the  appearance of 
the lower deck  both  with  and  without  the seeding cryst'als 
from  t,he upper cloud. I n  t8he  portion of the lower deck 
being seeded, the  top  was  hazy  and indefinite, and  had a 
somewhat,  fuzzy  appearance.  Figure 10 is a  photograph 
of the  upper seeding  deck and  fhe lower  seeded liquid  deck 
taken  from 15,000 feet,  and a t  "18' C. Beyond the 
influence of the  upper  deck,  in  the unseeded  portion of the 
cloud, the  average level of the  layer was  somewhat  higher 
a,nd  cumuliform  domes  were well defined and  bright. 
Figure 11 shows the lower deck  beyond the  extent of the 
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FIGURE 12.-(A) Idealized  cloud  and precipitation  system  some- 
~~ 

times  found  during  mild  meteorological  activity.  Seeding 
showers  cut  holes  in  the  lower  sub-cooled  deck. (B) Idealized 
cloud system  found  during  very  light  meteorological  activity. 
Seeding particles  evaporate  before  reaching  the lower deck, 
hence  there is no  production of precipitation  from  it. 

upper ice-crystal-producing deck,  taken  about five minutes 
later  than figure 10 and  at  the  same  altitude.  Nat,ural 
seeding in  this  instance  apparently depressed the top of 
the lower  cloud  deck and decreased the cloud density. 

On another occasion natural  seeding  from an upper deck 
was in the  form of scattered ice crystma] showers, rather 
than  a  continuous ice crystal field. Whenever  the 
showers  reached the lower  deck, they  produced holes which 
often  penetrat)ed  completely  through  the lower  deck. 
Around the edges of the holes one  could  observe  small  snow 
showers continuing  to  fall,  indicative of either  the  result of 
spreading of the  seeding effect, or  illustrating  the  fact  that 
the seeding was less intense  in  the  outer  portion of the 
snow showers and  took  longer  to develop. Figure 12A 
shows schema.tically the cloud  deck  and precipitation ele- 
ment arrangement  just  described; t,his occurred  during 
mild meteorological activity. 

8. NON-PRODUCTIVE  CLOUD SYSTEMS 

On some  flights  no  interaction  was  apparent  between 
upper and lower  cloud  layers. The cloud system  arrange- 
ment usually observed  is  shown  schematically in figure 
12B. The  dryness of the  intervening  air  layer combined 
with the weak output of the  generating  layer  prevented 
the delivery of seeding crystals  to  the low-level liquid 
deck. This  condition  was observed during periods of 
weak meteorological activity  and was  characterized by 
stable  thermal  stratification of the  atmosphere. 

9. CONCLUDING REMARKS 

The cloud systems  surveyed  in  western  Washington 
exhibited an  almost endless variety of structure,  and no 

attempt  has been made  to  present  an all-inclusive picture 
of precipitation  mechanisms.  The  ones described, how- 
ever, were often  observed and possibly are  typical of t8hose 
which  occur  most frequently,  and  are  probably responsible 
for  a  large  fraction of the  precipitation falling in  that 
area  during  the  winter  months. While  these results are 
of a  preliminary inature and  the conclusions are  to  a degree 
inferential,  the inflight observations of cloud  systems  and 
precipitation processes agree to  a  great  extent  with those 
ound in the  eastern  United  States [IO]. 
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